This paper proposes a high frequency injection technique applied for low-speed sensorless control of interior permanent magnet synchronous machines (IPMSM) with a single dc-link current sensor. The three-phase currents, which can be reconstructed by the measurement of a dc-link current sensor, always suffer from the immeasurable regions. The most challenging problem exists in the low modulation region, where no phase current can be measured by the dc-link current sensor, and it is rarely solved without PWM modifications. This paper proposes a six-direction square wave high frequency injection method to extend the voltage vector to the measurable region to achieve the three-phase current reconstruction and saliency-based sensorless control without modifying the space vectors of the pulse width modulation (PWM). In addition, the paper comes up with a modified reconstruction scheme to reduce the reconstruction error and improve the accuracy of the position estimation. This low-speed sensorless strategy using a single dc-link current sensor is implemented in dSpace platform and the performance is evaluated by experiments.
I. INTRODUCTION
AC machines are employed in different applications, such as in household appliances, industrial equipment, and transportation, with the help of rapid development of digital processors and power electronics. Among AC machines, permanent magnet synchronous machines (PMSM) have the dominant status because of the benefit of the strong magnet field generated by the permanent magnets. Owing to its spatial saliency, interior PMSMs (IPMSMs) have more advantages in flux weakening operation and torque production [1] , [2] . To realize high dynamic performance and control requirement, knowledge of the rotor position and the stator phase currents are essential. In a typical electric drive system, sensors are installed to capture the current and position information. However, the use of the sensors causes The associate editor coordinating the review of this manuscript and approving it for publication was Zhuang Xu. increases in the volume and expense of the system. As the solutions, position sensorless control [3] - [7] or single current sensor control [8] , [9] has been investigated widely in the applications where the cost and size are the main concerns. Interestingly, the position sensorless control with a single current sensor has been gaining more attention as an approach to combine the benefits from these two techniques [10] , [11] .
For single current sensor control methods, the sensor on the dc-link has been the best option because of its convenience in installation and simplicity in reconstruction [12] , [13] . In the dc-link current sensor control method, the dc-link current is sampled at different time instants during one switching period based on the active voltage vector applied to the machine. The main challenge in accurately reconstructing the phase currents from the dc-link current measurement comes from the existence of the dead time of PWM, A/D conversion time, and the settling time of the inverter [13] . Therefore, it requires that the active voltage vector should last at least a certain VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ period to complete the current measurement so that the measured dc-link current can be associated with the active phase. Moreover, to reconstruct the three-phase currents, the dc-link current should be obtained at least twice in one cycle. In the sector boundary region, only one active voltage vector has sufficient interval to measure and to associate the corresponding currents whereas even a phase current is hardly detectable in the low modulation region. These two regions constitute the immeasurable region in the spatial vector plane, as shown in Fig. 1 . Various researches have been conducted and methods have been proposed such as observer-based methods [14] - [16] and PWM modification methods [17] - [19] to deal with this immeasurable problem. The observer-based method in [16] can accomplish desirable and comparable performance in medium-and high-speed operation by taking advantage of electromotive force (EMF), but not feasible at low-speed operation. The other method is to overcome the immeasurable region by modifying the PWM waveform. The most common method is the switching-state phase shift method (SSPS) [17] . This method maintains the duty cycle of each PWM via shifting the waveform to prolong the active switching state so that it provides sufficient duration for the dc-link current sensor to obtain the phase currents. This method creates asymmetrical PWM in the immeasurable region, thus increases the total harmonic distortion (THD). However, using this method to realize the position sensorless control with a single current sensor has deteriorating performance at low speed when high frequency (HF) signal is injected for the position estimation. [20] presents a saliency-based sensorless method with a single dc-link current sensor by injecting square wave voltage to d-axis, but the performance shown in the experiment is not up to the level as compared to the sensorless control with full current sensors. Reference [21] introduces an improved saliency-based method to reduce the reconstructed current error in the high frequency injection by using the current prediction on each current sampling instant. This scheme improves the sensorless control performance when applying high-frequency signals to derive the position information from the reconstructed current. However, this method relies on motor parameters and increases computational complexity.
This paper proposes a high frequency injection technique with modified current reconstruction for low-speed sensorless control of IPMSMs with a single dc-link current sensor. Compared with [20] , the method can achieve better sensorless performance. Moreover, the method is relatively simply and easy to implement compared to [21] . The choice of the high frequency signal makes it possible for the reference voltage vector to avoid immeasurable region at low-speed operation without any PWM modification. This paper provides two options of high frequency square wave injection: β-axis injection and six-direction injection. β-axis injection method has the benefit of removing the filters. However, only phase B and phase C current are detectable from the dc-link current sensor, which causes an offset on reconstructed Phase A current due to the unaligned measurement problem. Also, the sensorless control by using this injection is dependent on the parameters of the motor. As the other option, six-direction square wave injection is not sensitive to the motor parameters and does not produce offset on the current reconstruction, but the filters are required. By comparison and analysis, the paper adopts six-direction square wave injection to realize low-speed operation with a dc-link current sensor. The paper also provides a modified current reconstruction scheme to minimize the reconstruction error from the different measurement instants of each phase current.
The paper is arranged as follows. Section II introduces the proposed high frequency injection method by analyzing the induced current equations. Section III presents the proposed current reconstruction method and saliency-based sensorless control in detail. The experimental results are given to verify the proposed low-speed sensorless control with a single dc-link current sensor in Section IV. The conclusion is drawn in Section V.
II. PROPOSED HIGH FREQUENCY VECTOR INJECTION TECHNIQUE A. CONVENTIONAL RECONSTRUCTION METHOD
In the conventional full sensors control system, at least two current sensors are required to obtain two phase currents and the third phase current can be measured by a third sensor or calculated by the other two current values as:
The dc-link current sensor measures at the moments when the switches turn on and turn off according to the space vector modulation (SVM). For example, when the top switch of Phase A turns on and the top switches of Phase B and C turn off (Vector 1), the dc current goes through Phase A and it is equal to i a , as shown in Fig. 2 . According to seven-segment SVM scheme, two voltage vectors are used in one switching period to apply the reference voltage vector. That makes the current reconstruction possible by measuring dc-link current with only a single current sensor at two instants in a switching period. TABLE 1 provides the relationship between dc current samples and three-phase currents for each sector. 
B. PROPOSED HIGH FREQUENCY SIGNAL INJECTION FOR CURRENT RECONSTRUCTION
When the reference voltage vector − → V ref is in the sector boundary region, there is only one active voltage vector which has sufficient interval for the dc-link current sensor to capture the phase current. During medium-to high-speed operation, − → V ref goes through the sector boundary region six times every one electrical cycle. The ratio of the immeasurable area to the measurable area increases with the reduction of the motor speed. When the speed is low enough, − → V ref will enter into the low modulation region, where no phase current can be acquired from the dc-link current sensor. Therefore, high frequency injection is needed to force the − → V ref outside the low modulation region. Meanwhile, HF is also used for the position sensorless control at standstill and low-speed operation. As a consequence, the determination of the HF is essential not only for the current reconstruction but also for the position sensorless control.
The mathematical model of IPM in d − q rotational frame is written as:
where R s is denoted as the stator resistance, ψ m is the flux linkage generated from the permanent magnet, and L d and L q are the inductances on d-and q-axes respectively. When applying high frequency reference voltage to the machine, the derivative terms of currents dominate the voltage equations.
where, v d,h , v q,h are the injected voltage and i d,h , i q,h are the induced currents by HF injection. The stationary frame equations can be expressed by using the transformation matrix, as
where,
The voltage equation can be rewritten after simplifying and rearrangement, as
The derivative current can be shown as
One of the HF options proposed in this paper is β-axis square wave injection. The frequency of the injected square wave is set to half of the switching frequency, as shown in Fig. 3 . With the help of β-axis square wave injection, − → V ref has an extension on the magnitude and change in angle close to β-axis. Consequently, the reference voltage vector is limited in Sector 2 and Sector 5. The oscillation only exists on Phase B and C as observed in Fig. 4(a) . For current reconstruction with a dc-link current sensor with β-axis square wave injection, the current measurement is always targeted on Phase B and C, and the current of Phase A is always calculated by the other two phase currents. Due to the fact that two measured currents are obtained at different instants, the reconstructed Phase A current results in an offset as shown in Fig. 4 . Moreover, the offset of the reconstruction is also impacted by the offset of the dc-link current sensor.
The injected voltage can be expressed as:
where, V h is the magnitude of the injection voltage. The derivative current can be expressed as the current difference between adjacent samples, as So the position information exists in the envelope of the current difference between two switching period, as
According to the current equation, this injection method is sensitive to the precision of the inductance parameters. Also, the injection only gives the excitation to Phase B and Phase C, which may cause the reconstruction of the three-phase current unbalanced and inaccurate.
2) PROPOSED SIX-DIRECTION SQUARE WAVE INJECTION
In order to make sure every voltage reference in each switching period is measurable, six-direction square wave injection method as shown in Fig. 5 is proposed in this paper. Instead of limiting the reference voltage vector in Sector 2 and 5 in the β-axis injection, this method rotates the − → V ref to traverse each sector successively. Therefore, the current measurement involves all the three-phase currents, so that it can weaken the influence from the sensor offset. The injection voltage can be expressed as:
where, ω h = 2πf sw /6, and f sw is the switching frequency.
The induced current is shown as:
After simplifying,
This six-direction injection method can be regarded as a six-step high frequency sinusoidal injection. Therefore, the position information can be extracted from the inducted current similar to the standard demodulation methods without the knowledge of the motor parameters. Due to the advantages of no parameter sensitivity and no offset on the current reconstruction, the six-direction injection method is preferred to be utilized at low-speed operation in this paper.
III. MODIFIED CURRENT RECONSTRUCTION FOR POSITION AND SPEED ESTIMATION WITH HF INJECTION
The proposed position sensorless control scheme for low-speed operation of IPMSMs takes advantage of the favourable high frequency signal to reconstruct the three-phase current and to estimate the position and speed by processing the current waveform. The entire system diagram is depicted in Fig. 7 . 
A. POSITION AND SPEED ESTIMATION
The current process for the position and speed estimation is different according to the injection waveform, as shown in Fig. 6 .
In the six-direction injection method, a high pass filter (HPF) is required to extract the induced current, whereas the induced current can be obtained from the difference between adjacent samples for β-axis injection method. In addition, the induced current contains the injection frequency.
The position extraction from the response currents is based on the following equations for the six direction injection method. 13) where,
After a low pass filter (LPF), the first component can be eliminated and the equation will be approximately equal to 2A 2 (θ e − θ e ). Therefore, the speed can be acquired by utilizing a PI regulator. Meanwhile, via integrating the speed, the position can be estimated.
Although it is more convenient to process the current without designing any filters for the β-axis injection method, the performance is reliant on the motor parameters and the calibration of the current sensor. Six-direction injection method requires filters, but it eliminates the dependence on the parameters, and therefore results in accurate and reliable position estimation.
B. MODIFIED CURRENT RECONSTRUCTION METHOD
In the full sensors control, the three-phase currents are sampled simultaneously, whereas, in the reconstruction method, the dc links current is measured at different sampling instants for the three phase currents. This asynchronous reconstruction of phase currents influences the accuracy of the position estimation. A modified current reconstruction scheme is proposed in this paper for the purpose of improving the position estimation. The actual waveforms of Phase B and Phase C with β-axis injection are illustrated in Fig. 8 . The current goes up and down periodically based on the injected voltage on β-axis. Traditionally, the current is sampled at the beginning of the PWM. In the conventional reconstruction method, the current measurement from dc-link current sensor is sampled at the interval of an effective voltage vector as shown in Fig. 8 with the sampled currents denoted as i dc1 and i dc2 . Shown as (8) , i α,h and i β,h contain the position information, so the current differences, which are denoted as i b_act and i c_act in Fig. 8 , are also the key to estimate the precise position. However, the reconstructed current difference i b_rec and i c_rec have a reduction compared to the actual ones ( i b_act and i c_act ) as shown in Fig. 8 , which can lead to non-negligible position estimation error.
In the modified current reconstruction method, the effect of unaligned (or asynchronous) sample timing is effectively reduced. According to seven-segment SVM, one identical effective voltage vector appears twice in one switching period. Thus, there are two timing intervals for the dc-link current sensor to capture one phase current. Therefore, in the modified current reconstruction method, the dc-link current is captured at two instants to identify one phase current in one switching period. So the total four instants corresponding to two phases are shown in Fig. 9 . The average of the two instants effectively provides the corresponding phase current. In this way, the three-phase current measurement is aligned at the middle instant of the switching period. The new current reconstruction method is presented in TABLE 2. It should be noted that the PWM waveform is kept symmetrical at all the time, unlike PWM modification based current reconstruction methods.
The modified method aligns the reconstructed phase current at the middle of the cycle as illustrated before for the β-axis injection. However, the improved reconstruction method cannot solve the other problems associated with β-axis injection, because the β-axis injection method requires to sample the current at the beginning of the switching period. Therefore, the benefits of the improved reconstruction method on position estimation are analyzed for six-direction injection method in this paper. The Phase A current, switching states, and sampling instants for the six-direction injection method are shown in Fig. 10 .
The improvement on position and speed estimations with the modified reconstruction method is obvious in Fig. 12 if compared to that of the conventional method in Fig. 11 . The results in Fig. 12 and Fig. 11 are from simulation with six-direction square wave injection. The parameters used for the PLL in both cases are the same. In Fig. 11(a) , there exists a fluctuation in the estimated position waveform. The estimated speed in Fig. 11(b) with the conventional reconstruction method contains a third-order harmonic oscillation, which has a magnitude of around 5 r/min. The tuning of the estimator parameters cannot eliminate this harmonic oscillation as it is mainly due to the unaligned measurements of three-phase currents. Thanks to the modified current reconstruction, the third-order harmonic is greatly reduced, as shown in Figure 12 . 
IV. EXPERIMENT VERIFICATION
The experiments are implemented in dSpace platform for a 5 kW IPMSM. The switching devices for the VSI are MOSFETs and the switching frequency is fixed to 10 kHz. The test bench for the experiments is demonstrated in Fig. 13 . The motor specification is shown in TABLE 3. The dyno machine used in this test is a 5 kW induction machine, which is controlled by Yaskawa drive. According to the algorithm introduced previously, there are four triggered threads applied in one control period to sample and acquire the dc-link current. The three phase current is reconstructed according to the relationship between the dc-link current and the active voltage vector. The main program calculates the estimated position from the reconstructed current and feeds back the current and position to control the IPMSM machine.
In the experiment verification, the speed is controlled by the dyno machine. The currents of IPMSM are controlled by standard PI regulators. Three phase-current sensors and a position sensor are installed for the comparison. The amplitude of the injected signal is 70 V in the experiments. The selection of the amplitude may vary with the applied speed and torque to guarantee the reference voltage in the measurable region.
A. CURRENT RECONSTRUCTION PERFORMANCE Fig. 14(a)-(d) shows the sampled current from the dc-link current sensor when i q is controlled at 2 A. It is observed that the first and the fourth sample currents have the same shape because the current is sampled at the same corresponding voltage vector interval, which is also true for the second and the third ones. Through comparing the reconstructed current with the actual value, the immeasurable region of dc-link current measurement is avoided thanks to the six-direction square wave injection. 
B. SPEED TRANSIENT PERFORMANCE OF LOW SPEED SENSORLESS CONTROL
The speed transient test is conducted by applying step speed between 20 r/min and -20 r/min with 20% load. The performance is presented in Fig. 15 . The d − q axes currents are controlled to constant values during the speed transient process. With the function of the LPF, the noise in the estimated currents caused by noise from the dc-link current measurement is eliminated, as shown in Fig. 15(a) . It should be noted that the filtered reconstructed current is used as the feedback to the current controller to avoid oscillation in reference voltage. The oscillation in reference voltage adversely affects the reconstruction and estimation of position and speed. Thanks to the PLL, the estimated position and speed can track the actual values with the rapid response as in Fig. 15(b) -(c). The position error between the estimated position and the actual one is presented in Fig. 16(a) . The steady-state error is around 10 electrical degree. Fig. 16(b) shows the position error of the estimated position by using actual current, which has almost the same value as that in Fig. 16(a) when the speed changes. This result explains that the steady-state error comes from the sensorless control due to the function of LPF and time delay when implementing this method in practice. It proves the sensorless performance with the dc-link current sensor is comparable with that with full current sensors.
C. TORQUE TRANSIENT PERFORMANCE OF LOW SPEED SENSORLESS CONTROL
Torque transient performance is validated through a test conducted by rotating the motor at a negative speed, which is -20 r/min. The load changes from 0 to 25% and from 25% to 50%. The experimental results are shown in Fig. 17 . Through the comparison between the actual current and estimated d −q currents in Fig. 17(a) , and the reconstructed phase current in Fig. 17(b) , it can be observed that, the transient process is stable without any deviation. The position comparison and the speed comparison with the actual values are also given in Fig. 17(c)-(d) . The position error in Fig. 18 shows that the accuracy of the estimation becomes worse with the increase of load. However, compared to the position estimated by the actual phase current, the estimation performance is similar.
V. CONCLUSION
This paper proposes a high frequency injection method to deal with the immeasurable region for low-speed sensorless control of IPMSMs with a single dc-link current sensor. Two possible injection methods without shifting the PWM waveform are introduced and analyzed theoretically, and six-direction injection method is adopted in this paper. The reconstruction of the phase current is completed by detecting the dc-link current at different sample instants according to the standard method, but that deteriorates the performance of position estimation. As a solution, the dc-link current is captured four times every switching period to reconstruct the three phase currents at the middle instant of a switching period. The low-speed sensorless control with a single dc-link current sensor is realized is implemented in dSpace platform for experimental validation. The dynamic performance of changing speed and changing current is provided in the experimental results to prove that the method is comparable with the low-speed sensorless control with full current sensors.
